Extended service life plastic ball grid array (PBGA) packaging with Au ball wire bonding and die-side electroless nickel electroless palladium immersion gold (ENEPIG) surface finish is in development. Post-microfabrication ENEPIG plating is proposed for the extended service life PBGA application to reduce the risk of brittle failure of wire bonds with Au-Al intermetallics over decades of exposure to thermal extremes in the field. An experimental study was undertaken to measure wire bond strength in PBGA samples with ENEPIG plating and varying die and substrate surface preparation. Liquid-phase immersion surface treatment with alkanethiol-based self-assembled monolayers (SAMs) was investigated as an alternative to argon plasma cleaning. Wire bond pull and shear force measurements per MIL-STD-883 were performed on four groups of PBGA samples with prescribed combinations of ENEPIG plating, plasma cleaning and SAM surface treatment. Results reveal that average wire bond pull and shear force in ENEPIG-plated samples exceed six grams force in all cases and are consistent with that of nonplated samples for constant bonding parameters. Surface treatment yields a measurable increase in wire bond strength relative to untreated samples, and ENEPIG-plated samples that receive plasma cleaning exhibit 23% greater average wire bond pull force relative to plated samples treated with SAMs. Wire bond strength was lower in samples where greater ENEPIG surface roughness was observed, consistent with data from the literature. The outcome supports the importance of surface cleaning for robust wire bonds, and suggests that in the context of strength, ENEPIG plating is compatible with the legacy Au ball-on-Al pad thermosonic wire bonding process.
Introduction
Attributes such as high interconnect density and low cost has made compact plastic ball grid array (PBGA) packaging ubiquitous in modern consumer electronics. The same advantages have inspired the present effort to adapt commercial off-the-shelf (COTS) PBGAs for extended service life (i.e. several decades) in high-reliability systems. The following is a study of key material and process elements for more reliable interconnect in this product, including die surface finish and surface treatments.
A hallmark of the high-reliability PBGA is Au ball wirebonds to a bismaleimide-triazine (BT) resin laminate substrate with an electrolytic Ni/electroplated Au surface finish. On the die side, post-microfabrication process electroless Ni/electroless Pd/immersion Au (ENEPIG) plating of Al base metallization (1.3-micrometer nominal thickness) is proposed. Eliminating brittle Au-Al intermetallics through post-process ENEPIG is motivated by external factors noted by Harman.
[1] While it is widely accepted that failure of wire bonds with Au-Al intermetallics due to Kinkendall/Horsting voiding will never occur if specific geometric and thermal conditions are satisfied, the risk becomes more evident if the effects of prolonged thermal cycling, dynamic inputs, polymer encapsulation, and supplier-specific surface finish variations in a PBGA package are considered. [1] [2] [3] Wire bondability of ENEPIG has been investigated with regard to surface roughness and properties of the metal constituents. [4, 5] Comparatively little documentation exists that quantifies the influence of cleaning (surface treatments) on the reliability of Au ball wire bonds on ENEPIG.
Research by Chan et al. has illuminated the benefit of surface treatments on both the strength and breadth of parameter space (improved wire bondability) for thermo-sonic and thermo-compression wire bonding. [6] Technologies for treating the myriad of metal surfaces used in CMOS include plasma, Vacuum Ultra Violet (VUV), and atomic hydrogen cleaning. [6] [7] [8] The majority of technologies boost wire bondability by stripping metal oxides from the pad surface. In the Ni-Au system of interest, Ni oxides that diffuse through the Au layer are removed. [9] Recently, self-assembled monolayer (SAM) treatments have been examined for the purpose of cleaning. Work by Whelan et al. shows that alkane thiol-derived SAMs are effective in inhibiting contaminantinduced corrosion on Au and Cu surfaces. [10] Moreover, Laiho and Leiro prove that thiols remove oxygen from Au and other metal substrates. [11] SAM surface treatments have other advantages, such as simple liquid-phase immersion processing. Furthermore, they do not cause etching that is characteristic of plasma cleaning. Building on the prior art, this paper reports, for the first time, wire bond force data for high-reliability PBGA samples with ENEPIG and other Ni-Au surfaces treated with an alkanethiol-based SAM. Results are compared to samples processed with conventional argon plasma cleaning and no surface treatment.
Experiment
The objective of the experiment is to measure Au ball wire bond tensile and shear force in high-reliability PBGA samples (see previous section) with various combinations of ENEPIG plating and surface treatment. The procedure assumes that (1) the alkanethiol SAM treatment does not react with or degrade the BT resin substrate and (2) plated and non-plated surfaces can be effectively wire bonded with consistent parameters discussed later.
Four groups of fifteen samples were measured according to the table below.
150-mm Si wafers containing representative die with Al metalization were ENEPIG plated with 5 µm of Ni, 150 nm of Pd and 30 nm of Au by a Concurrently, sixty BT laminate substrates (dimensions 27x27 mm) were separated from strips and labeled. Prior to assembly, substrate wire bond pads were inspected using optical microscopy and field emission scanning electron microscopy (FESEM). Energy dispersive spectroscopy (EDS) was performed to verify initial surface composition. Substrates were subsequently dried, followed by die attach, and epoxy cure.
Upon completing die attach, Group 1 samples were cleaned in 2 M sulfuric acid for ten minutes followed by a DI water rinse and drying step. Following cleaning, the Group 1 samples were immersed in a 1 mM solution of 1-dodecanethiol in ethanol for 24 hours followed by an ethanol rinse. Group 2 samples were Ar plasma cleaned at 100 W for 1 minute. Samples each received twenty 1-mil Au ball wire bonds within eight hours of treatment. Wire bonding was performed using an ASM Eagle 60 automatic ball bonder with the following parameters: 15 ms bond time, 85 mW ultrasonic power, 25 grams force (gf), and platen temperature 170ºC. Wire bond parameters were consistent for all groups. Assembled samples were subsequently dried at 125ºC for 24 hours in air. A completed test sample is pictured in Figure 1 . A bar chart of wire bond pull and shear force results appear in Figure 4 . The chart indicates that average wire bond force exceeds the standard value (2.5 gf for pull and approximately 20 gf for shear loading, given a .00293-inch ball diameter, denoted by the respective dashed lines) in every case. Average wire bond pull and shear force in ENEPIG-plated samples uniformly exceed six grams force. As shown in Table  1 , samples from control groups 3 and 4 receive no surface treatment. Wire bond pull and shear force of (unplated) Group 3 is equal to that of the plated Group 4, within the standard deviation. ENEPIG-plated samples that are plasma cleaned (Group 2) display the greatest average pull and shear force at 8.2 and 56.1 gf, respectively. The latter represents a 48% increase relative to the plated and untreated control group (Group 4). Surface treatment of plated samples with SAMs in Group 1, however, yields no detectable advantage relative to untreated samples. In contrast, Group 2 samples with plasma cleaning exhibit a wire bond pull force that is 23% greater on average than Group 1, and an average shear force that is 55% greater. All wire bond tensile failures occur at the necked down area near the wire/ball junction, while shear failures are exclusively at the ball/pad interface.
Group 4 samples (ENEPIG plating with no surface treatment) exhibit the lowest average pull and shear force at 6.1 and 29.1 gf, respectively. A possible explanation for the difference is evident upon inspecting the pad surface shown below. This ENEPIG surface has visibly greater roughness than the unplated one of Figure 2a , possibly the result of an anomaly in the plating process. DiGirolamo observed a similar trend of diminishing pull force in Al wire bonds with increasing pad surface roughness. [12] 
Conclusions
An experimental study was undertaken to measure the impact of surface preparation methods on wire bond pull and shear force for Au ball bonding of ENEPIG-plated die on BT resin laminate substrates. Average wire bond pull and shear force in ENEPIG-plated samples exceed six grams force in all cases and are consistent with that of non-plated samples for constant bonding parameters. This outcome suggests that, in the context of wire bond strength, ENEPIG plating is compatible with the legacy Au ball-on-Al pad thermosonic wire bonding process. ENEPIG-plated samples that receive Ar plasma cleaning exhibit greater average wire bond pull and shear force relative to plated samples treated with SAMs and untreated controls. Samples treated with SAMs yield no measurable near-term advantage in average wire bond pull and shear force relative to untreated controls. Future work will focus on investigating SAMs as corrosion inhibitors that preserve long-term wire bondability and strength in hightemperature storage environments. 
